Here we report the generation of a small focused library of 12 diversely functionalized dihydropyrimidine (DHPM) derivatives via one-pot three-component Biginelli cyclocondensation of b-ketoesters, aldehydes and (thio)ureas. By applying controlled microwave heating under sealed vessel conditions using a fully automated microwave instrument including a gripper and liquid handler, the sequential synthesis of DHPMs can be performed in a shorter reaction time (10-20 min per one DHPM derivative) compared to conventional heating methods, which normally require several hours of reflux heating. The solid products either crystallize directly upon cooling or can be precipitated upon addition of water, requiring only filtration for isolation. In this way, the DHPM derivatives are obtained in high purity and no further purification by recrystallization or chromatography is necessary. This can be ascribed to the microwave heating technology where less side-product formation is often seen. The preparation of this 12-membered DHPM library can be carried out within B9 h.
INTRODUCTION
The generation of diverse combinatorial libraries has been shown to be a valuable tool for lead compound identification in the drug discovery process 1, 2 . However, lead compound optimization and traditional medicinal chemistry remain the bottlenecks in this high-throughput discipline. As speed is a critical factor in the field of drug discovery and medicinal chemistry, increasing interest has focused toward technologies and concepts that allow a more rapid synthesis of such compound libraries. One such high-speed technology is microwave-assisted organic synthesis, which has attracted a substantial amount of attention in the past few years and is nowadays a popular and convenient tool for performing organic reactions in a high-speed fashion [3] [4] [5] [6] [7] [8] . In particular, the use of dedicated microwave reactors (see Fig. 1 ) that enable the rapid and safe heating of reaction mixtures in sealed vessels under controlled conditions with on-line temperature and pressure monitoring has greatly increased the general acceptance of this method. The main advantages of microwave-assisted heating over conventional oil-bath heating are the significant rate enhancements (from hours to minutes and even seconds), reduced side reactions and therefore improved product yields and purities. Many reaction parameters such as reaction temperature and time, variations in solvents, additives and catalysts or the molar ratios of the substrates can be evaluated in a few hours to optimize the desired chemistry. Owing to these facts, it is not surprising that the drug discovery and medicinal chemistry communities and many pharmaceutical companies are heavily using this high-speed technology for both lead optimization and lead generation [9] [10] [11] [12] [13] [14] [15] .
For the preparation of compound libraries, two different highthroughput techniques can be applied using microwave technology, the automated sequential or parallel approach. The concept of automated sequential microwave-assisted library synthesis is a very attractive tool if small focused libraries containing ca 20-100 compounds need to be produced. By using a dedicated singlemode microwave instrument with integrated robotic vial-handling and liquid dispensing (as shown in Fig. 1 ), library synthesis can become as efficient as a parallel approach under conventional heating 16, 17 . As in this technique each individual vessel is irradiated separately, a better control over the reaction parameters is ensured, but also fast iterations in protocol development and individual rapid optimization of reaction conditions. If larger compound libraries (4200 compounds) need to be generated, the sequential approach can become impractical since the time-saving aspect of microwave synthesis is diminished by having to irradiate each reaction mixture individually. Parallel synthesis can be performed in multimode instruments using either dedicated multivessel rotor systems or deep-well microtiter plates that allow a higher throughput 3, [18] [19] [20] . One limitation of the parallel mode is that all reaction vessels are exposed to the same reaction conditions and therefore the same amount of identical solvent has to be used in all the vessels employed for the library synthesis. Multicomponent reactions (MCRs), like the Biginelli three-component condensation for the generation of multifunctionalized DHPM scaffolds, constitute one of the most efficient approaches toward rapid library production and thus identification of potentially biological active compounds 21 . In combination with microwave heating, MCR strategies are highly attractive to the drug discovery and medicinal chemistry communities owing to the increased diversity and efficiency that can be obtained in very short times compared to conventional lineartype strategies. The Biginelli protocol is particularly attractive from the drug discovery point of view, as the resulting DHPM scaffold covers a wide range of biological targets, which has led to the generation of a number of lead compounds based on that structural core 22 . In several recent publications, DHPM derivatives with novel potent biological activities have been reported (see Fig. 2 ). For example, compound 1 showed potent cardiotonic activity, whereas 2a and 2b proved to be b-adrenergic receptor antagonists 23 . DHPM derivative 3 displayed significant antispasmodic and vasodilator activity 24 and scaffold 4 potent antihypertensive activity 25 . DHPM 5 was identified as calcitonin mimetic when administered subcutaneously 26 and the boroncontaining compound 6 has potential as agent against the breast cancer cell line MCF7 (see ref. 27 ). Cyclopentyl ester 7 proved to be a potent inhibitor of the fatty acid transporter FATP4 (the S-enantiomer showed to be B100 times more potent than the R-enantiomer) 28 . The analogs 8a and 8b both exhibited a strong in vitro antioxidant activity 29 and derivative 9 plays a role in the activation of chaperones that block Ab aggregation and thus might have a favorable therapeutic effect on neurodegenerative diseases like the Alzheimer disease 30, 31 .
A direct and simple method for the synthesis of DHPMs is the above-mentioned Biginelli MCR, a one-pot cyclocondensation of a b-ketoester, aldehyde and (thio)urea under acidic conditions, which was first reported by Biginelli in 1893 (see Fig. 3 ) 32, 33 . As it is known that conventional heating methods for this reaction normally require several hours of reflux heating and furthermore deliver the DHPM products in rather moderate yields, we wanted to take advantage of direct and rapid microwave dielectric heating under sealed vessel conditions to shorten the reaction time and to obtain the desired DHPM derivatives in high yield and purity.
Based on our previous reports on the microwave-assisted generation of DHPM libraries applying an automated sequential microwave instrument (see Fig. 1 ) 34, 35 , we report here an updated protocol for the synthesis of a small focused 12-membered library of DHPM scaffolds utilizing the same instrument with all available automation features (see Table 1 ). For the library synthesis, an Emrys Liberator instrument (Biotage AB), especially designed for library production (see Fig. 1 ), with incorporated EmrysWorkflowManager software was employed. In addition to the built-in gripper that moves vials in and out of the cavity, this software allows liquid dispensing using the liquid handler. Furthermore, all the weights/volumes needed for each experiment are calculated automatically (see PROCEDURE for programming). Alternatively, a SWAVE microwave synthesizer (Chemspeed Technologies), which is a fully automated system incorporating the Biotage Initiator microwave reactor in combination with automated capping/decapping, automated addition of liquid and solid reagents, transfer of the vials to the microwave cavity, intermediate addition of reagents for multistep synthesis and work-up features, can be employed for the DHPM library synthesis.
Structural diversity in the DHPM scaffolds was generated by employing seven individual CH-acidic carbonyl compounds (10), ten different aldehydes (11) and two ureas/thioureas (12) . A combination of all these building blocks would lead to a library of 140 individual DHPMs (13) . In the present protocol, a detailed procedure for the synthesis of a set of 12 representative DHPM analogs is given. After some reoptimization of our previously published protocols 34, 35 , we discovered that the use of 1.5 equivalents of the CH-acidic compounds in combination with 10 mol% of Ytterbium(III) trifluoromethanesulfonate hydrate (Yb(OTf) 3 ) as a Lewis acid catalyst at 120 1C produced the best results. Under these conditions, a 10 min reaction time was employed in cases where urea was used as a building block, and a 20 min time for thiourea. As we have reported recently, acetonitrile (MeCN) proved to be the best solvent for 2-thio-DHPM derivatives 36 , whereas a 3:1 mixture of acetic acid (AcOH)/ ethanol (EtOH) was superior for 2-oxo-DHPM products. In some cases, pure EtOH gave somewhat higher yields compared to the AcOH/ EtOH 3:1 mixture (see Table 1 ).
Utilizing the automation features of the microwave instrument (see Fig. 1 ), including a gripper that moves the vials in and out of the cavity and a liquid handler for dispensing liquid building blocks or stock solutions in the vials before irradiation, the synthesis of all 12 derivatives can be performed within 3.5 h, which implies an average processing time of B17 min (including dispensing, moving the vial in and out of the cavity and cooling to 50 1C). Owing to the benefits of microwave heating, further purification steps such as recrystallization or column chromatography were not required.
The solid and crystalline library products were obtained in an average isolated yield of 67% and very high purity (495% according to HPLC at 215 nm) after filtration and appropriate washing protocols (see Table 1 ). Here, four different HPLC methods for quality control have been employed, depending on the nature of the DHPM product (see HPLC setup and Table 1 ). The standard method utilized was method B, which involves an initial concentration of 35% of eluent B (see HPLC setup and Fig. 4) . If the DHPM products are more polar, like 13e and 13f, the concentration had to be decreased to 20% to obtain a meaningful HPLC chromatogram (see Fig. 5 ). If thiourea is applied, the maximum absorption is shifted to a higher wavelength in comparison to the 2-oxo-DHPMs, therefore 305 nm is set for the second wavelength (method D, see HPLC setup). This automated protocol for the generation of a diverse set of DHPM scaffolds described herein can also be employed utilizing different dedicated microwave instrumentation without a liquid handler or automation (e.g., Biotage Initiator or CEM Discover/ Explorer platforms). In this case, all the building blocks have to be filled into the vial manually. For the irradiation process itself, the same time/temperature parameters can be applied as given in Table 1 . The same is true for the generation of DHPM scaffolds, which are not described in this procedure; as a starting point, the same reaction conditions can be employed. If the yields are not satisfactory, a change in the ratio of the reagents or solvent from AcOH/EtOH 3:1 to pure EtOH or MeCN could help to obtain the DHPM products in higher yields. Additionally, other catalysts than Yb(OTf) 3 like LaCl 3 for 2-thio-DHPMs 35, 37 or TMSCl (trimethylsilyl chloride) [38] [39] [40] [41] can be superior, as well as prolonged reaction times or slightly higher temperatures (note that above 140 1C, more by-products are obtained owing to decomposition of urea). If acid-sensitive aldehydes such as furane-2-carbaldehyde are considered, the reaction works better when EtOH is used as a solvent at a slightly lower reaction temperature of 100 1C (ref. 34) . N-Substituted (thio)ureas are known to be troublesome building blocks, resulting in lower yields of DHPM products. Especially the work-up is not as facile as presented in this protocol since the corresponding DHPM derivatives generally do not precipitate upon cooling and need column chromatography or extraction for purification.
If a microwave-assisted parallel approach is considered, it has to be ensured that identical solvents and filling volumes are used in each vessel to achieve similar temperatures. For the DHPM library presented here, this means that different reaction conditions have to be incorporated for some derivatives. If AcOH/EtOH 3:1 is employed as a solvent for all reactions at 120 1C for 10 min, scaffolds 13e and 13f are obtained in somewhat lower yields (59% versus 67% for 13e and 47% versus 53% for 13f). . HPLC 
PROCEDURE
Program library using EmrysWorkflowManager 1| Open the EmrysWorkflowManager for the programming of the library and start a new experiment.
2| Start adding the information about the chemicals that are necessary for the library by pressing the ''New Chemical'' button (red-labeled button, see Fig. 6 ).
3| Press the ''Edit'' button (an ISIS-Draw window opens) and draw the structure of the first building block. By closing the ISIS-Draw window, one returns to the ''Chemical'' window.
4| Name the building block. The molecular weight is calculated by the instrument. If the building block is a liquid, enter the density. Define whether it is a solid or liquid, substrate, catalyst or solvent.
5|
Repeat Steps 2-4 to enter all the building blocks, solvents and catalysts that are necessary for the reactions.
6| Start creating the protocols that are necessary for the library production by pressing the ''Protocols'' button (red-labeled button, see Fig. 7 ).
7| By pressing the '' Add Chemicals'' button (blue labeled, Fig. 7) , add all the building blocks, catalysts and solvents that are needed for the first reaction (protocol).
8| Enter the amount (in mmol) of all the reagents: 4 mmol of aldehydes 11, 4 mmol of urea/thiourea 12, 6 mmol (1.5 equiv.) of CH-acidic compound 10, 0.4 mmol (10 mol%) of Yb(OTf) 3 ; the instrument calculates automatically the corresponding amounts (green-labeled box, Fig. 7 ).
9| Enter the appropriate amount of solvent so that a total reaction volume of B2.5 ml (orange-labeled box, Fig. 7 ) is reached. m CRITICAL STEP Ensure that the minimum filling volume for the corresponding vial type is reached. In the current procedure, the 2-5 ml Biotage microwave vials are used, which require a 2.0 ml minimum filling volume. If the filling volume is lower, the temperature measurement by the outside IR sensor will not be correct.
10| Choose ''High'' for the sample absorption and enter 120 1C for the temperature, 600 s (1,200 s when thiourea is used) for the reaction time and 15 s for pre-stirring; activate the ''Fixed hold time'' box (purple-labeled box, Fig. 7 ).
11| Follow Steps 6-10 for creating all the protocols for the 12 reactions.
12| By opening the ''Procedure'' folder, a list of all chemicals in the corresponding amounts for all reactions (protocols) opens. Define the size of the vials in which the liquid reagents should be stored and the dispensing type (here, combinatorial is chosen; see Fig. 8 ).
13| Save the planned experiment, open the Emrys Liberator software and upload the experiment.
14| Place a stir bar in each of the 12 microwave vials that are going to be irradiated in the microwave.
15| Add 240 mg (4 mmol) urea or 304 mg (4 mmol) thiourea, and 248 mg (10 mol%) Yb(OTf) 3 into the corresponding 2-5 ml microwave vials. If other building blocks are solids, add them to the vial as well.
16|
For the liquid dispensing procedure, fill all the liquid reagents into the appropriate microwave storage vials according to the ''Procedure'' instruction (see Fig. 8 ).
17| Fit a Teflon septum into the aluminum crimp and crimp all the vials. m CRITICAL STEP The cap on the microwave vial has to be even and tight; otherwise, leakage of the reagents or solvent can occur under microwave irradiation.
18| Place all the microwave vials in the proper positions in the rack of the microwave instrument according to the image that appears on the screen (see Fig. 9 ).
19| Run the experiment. ! CAUTION The solvent is heated well above its boiling point, so all necessary precautions should be taken when performing such experiments. Vessels designed to withhold elevated temperatures must be used. After completion of an experiment, the vessel must be allowed to cool to a temperature below the boiling point of the solvent before removal from the cavity and opening to the atmosphere. Table 1 Table 1 ).
22| Dry the product in the drying oven at 50 1C overnight. 23| Check the purity by HPLC using one of the HPLC methods described in HPLC setup. Step 21A for six DHPM products: Steps (i) and (ii): B3 h
Step 21B for six DHPM products: Steps (i)-(iii): 15 min
Step (iv): 2 h
Step (v): 1 h
Step 22: 15 h
? TROUBLESHOOTING Troubleshooting advice can be found in Table 2 .
ANTICIPATED RESULTS
The synthesized DHPM scaffolds together with the corresponding yield, purity and HPLC retention time can be found in 
